Introduction
============

Cystine-glutamate antiporter (system xc^-^) is a heterodimer composed by 4F2hc and xCT that mediates the cellular import of cystine used in glutathione production and oxidative protection in exchange for export of glutamate [@B1]-[@B3]. Indeed, the need for oxidative protection in the pathologic brain induces extrasynaptic glutamate release through system xc^-^ contributing to neuronal damage [@B4]. System xc^-^is expressed in a wide variety of cells both outside and inside the central nervous system (CNS) including immature cortical neurons [@B5], astrocytes [@B6] and microglia [@B7]-[@B9]. The activation of microglia from a resting state and migration into injured brain areas has not only beneficial neuroprotective and neurothrophic effects, but also a detrimental action through excitotoxic glutamate release [@B7], [@B10]-[@B14]. Likewise, the involvement of microglia on excitotoxic stress has been linked to a wide variety of neurodegerative diseases such as Alzheimer\'s disease [@B14], amyotrophic lateral sclerosis [@B8], glioma-derived epileptic seizures [@B15] and multiple sclerosis [@B9], [@B16], [@B17]. Therefore, *in vivo* imaging of system xc^-^with positron emission tomography (PET) technique might be crucial to further understanding the role of these receptors on inflammation underlying brain diseases. BAY 94-9392 ((4S)-4-(3-\[^18^F\]fluoropropyl)-L-glutamate (herein referred to as \[^18^F\]FSPG), a fluorine-18-labeled L-glutamate derivative, is taken up by system xc^-^ due to the lack of discrimination between its natural substrate cystine and glutamate for the inward transport [@B18], [@B19]. \[^18^F\]FSPG has shown to be a promising radiotracer to image the amino acid antiporter system xc^-^ in patients with cancer [@B20], [@B21] and infectious lesions [@B22]. In this sense, the PET imaging of amino acid transporters with \[^18^F\]BAAs (boramino acids) have also showed high tumor-specific accumulation, suggesting that PET imaging of amino acid transporters are promising targeted radiotracers for molecular imaging in oncology and mental disorders [@B23]. Within the CNS, \[^18^F\]FSPG has been used to explore cystine-glutamate antiporter activity after early acute cerebral ischemia [@B4] and multiple sclerosis [@B24] in rats. Recently, we have demonstrated with PET imaging that the system xc^-^ was overexpressed in microglial cells in those areas more severely affected in experimental autoimmune encephalomyelitis (EAE) in rats [@B24], suggesting the potential of this radioligand to monitor neuroinflammatory damage. Despite this, the use of \[^18^F\]FSPG to evaluate the contribution of system xc^-^ on the neuroinflammatory response following cerebral ischemia has not been explored before. The purpose of the present study was to investigate the levels of system xc^-^ in the rat brain after cerebral ischemia using \[^18^F\]FSPG-PET and immunohistochemistry. In particular, we were interested in clarifying the relationship of the system xc^-^ activity with the activation of glial cells after cerebral ischemia in rats. For this reason, ischemic rats were subjected to PET studies with \[^18^F\]DPA-714, a specific radioligand for the translocator protein (18kDa) (TSPO), to image brain inflammation [@B25], [@B26]. Likewise, \[^18^F\]DPA-714 binding and RT-PCR were used to evaluate the effect of pharmacological inhibition of system xc^-^ (SAS and *S*-4-CPG) on the neuroinflammatory reaction after ischemic stroke in rats. The results reported here provide novel information about the activity of cystine/glutamate antiporter in microglial cells after cerebral ischemia and might ultimately contribute to a better design of anti-inflammatory strategies for the treatment of ischemic stroke.

Materials and Methods
=====================

Cerebral ischemia and treatment
-------------------------------

Adult male Sprague-Dawley rats (300 g body weight; Janvier, France) (n=52) were used. Animal studies were approved by the animal ethics committee of CIC biomaGUNE and local authorities and were conducted in accordance with the Directives of the European Union on animal ethics and welfare. Transient focal ischemia was produced by a 90 minutes intraluminal occlusion of the middle cerebral artery (MCA) followed by reperfusion as described elsewhere [@B27]. Briefly, rats were anaesthetized with 4% isofluorane in 100 % O~2~ and a 2.6-cm length of 4-0 monofilament nylon suture was introduced into the right external carotid artery up to the level where the MCA branches out. Animals were then sutured and placed in their cages with free access to water and food. After 90 minutes, the animals were re-anesthetized and the filament was removed to allow reperfusion. Twelve rats were repeatedly examined before (day 0) and at 1, 3, 7, 14, 21 and 28 days after ischemia to evaluate the temporal PET binding of both xc^-^ system and TSPO. The animals studied at day 0 have been considered as the baseline control group.

Two groups of seven and eight rats, respectively, were inoculated daily for a total of seven days from one hour following MCAO with 0.1 mL Sulfasalazine (SAS) (8 mg/Kg, i.p.) or 0.1 mL (*S*)-4-Carboxyphenylglycine (*S*-4-CPG) (1 mg/Kg, i.p.). A control ischemic group of five rats received daily the same volume of vehicle (normal saline). At day seven, treated and control rats were imaged with PET to determine the effect of both SAS and *S*-4-CPG on the TSPO expression. Sixteen rats were used to perform *ex vivo* studies (immunohistochemistry) for xc^-^system at 0, 3, 7 and 28 days after cerebral ischemia. Rats used in imaging studies for the assessment of the effect of the treatments were used to perform immunohistochemistry for TSPO (n=20). Therefore, MCAO was induced to forty-four rats.

Magnetic resonance imaging
--------------------------

T2-weighted (T~2~W) MRI scans were performed in ischemic animals at 24 hours after reperfusion to select the rats (n=12) presenting cortico-striatal lesions to be included in the PET studies. Before the scans, anesthesia was induced with 4% isofluorane and maintained by 2-2.5% of isofluorane in 100% O~2~ during the scan. Animals were placed into a rat holder compatible with the MRI acquisition systems and maintained normothermic using a water-based heating blanket at 37ºC. MRI experiments were performed on a 7 Tesla Bruker Biospec 70/30 MRI system (Bruker Biospin GmbH, Ettlingen, Germany), interfaced to an AVANCE III console. The BGA12-S imaging gradient (maximum gradient strength 400 mT/m switchable within 80 µs), an 82 mm inner diameter quadrature volume resonator for transition and surface rat brain coil for reception were used. T2W images were acquired with a RARE sequence with the following parameters: RARE factor 2, TR/TE = 4400/40 ms, FOV = 25 mm x 25 mm, ACQ Matrix =256 x 256, Slice Thickness = 1 mm, 2 averages and 24 contiguous slices. Contiguous slices covering all the infarcted volume were acquired and fat suppression was used.

Magnetic resonance imaging image analysis
-----------------------------------------

MRI (T~2~W) images were used to calculate the lesion volume. Regions of Interest (ROIs) were manually defined using the Open Source software 3D Slicer image analysis software (Version 3.6.3 [www.slicer.org](http://www.slicer.org)) for each rat on the region of increased signal in the ipsilateral hemisphere. The total lesion volume was calculated by summing the area of the infarcted regions of all slices affected by the lesion.

Radiochemistry
--------------

Fluorine-18 production: Fluorine-18 (T~1/2~ = 109.8 min) as \[^18^F\]fluoride was cyclotron-produced (Cyclone-18/9, IBA, Louvain-la-Neuve, Belgium) by proton irradiation of an ^18^O-enriched (98%) water target (2.9 mL) via the ^18^O(p,n)^18^F nuclear reaction. \[^18^F\]FSPG preparation: The synthesis of (4S)-4-\[3-\[^18^F\]fluoropropyl\]-L-glutamate (\[^18^F\]FSPG) was performed using a TRACERlab FX~FN~ synthesis module (GE Healthcare), based on a two-step procedure, as previously described [@B18] with minor modification: i) ^18^F-fluorination of the appropriately protected precursor for labeling (di-*tert*-butyl (2S,4S)-2-tert-butoxycarbonylamino-4-(3-nitrophenylsulfonyloxy-propyl)-pentanedioate), followed by ii) removal of the protective groups. Briefly, once transferred into a dedicated (ventilated and lead-shielded) hot-cell, \[^18^F\]fluoride was first trapped on a pre-conditioned Sep-Pak® Accell Plus QMA Light cartridge (Waters, Milford, MA, USA), then eluted from the cartridge with a solution of Kryptofix K2.2.2/K~2~CO~3~ in a mixture of water and acetonitrile. A solution of the precursor for labeling (5 mg) in acetonitrile (1 mL) was then added and the mixture heated at 80^º^C for 10 minutes. The crude reaction mixture was then diluted with a solution of acetonitrile and water (1/1, 2 mL) and purified by high performance liquid chromatography (HPLC) using a Nucleosil 100-7 C18 column (Macherey-Nagel, Düren, Germany) as stationary phase and water/acetonitrile (30/70) as the mobile phase at a flow rate of 8 mL/min. The desired fraction (11-13 min) was collected and diluted with water (50 mL). The labeled specie was retained on a C-18 cartridge (Sep-Pak® Light, Waters, Milford, MA, USA) and further eluted with ethanol (1 mL). This solution was treated with 0.5 ml of 4M HCl (500µL); after hydrolysis, the solution was neutralized with 2N NaOH (650 µL) and phosphate buffer solution (PBS, pH=7.4, 3 mL). After filtration through a 0.22 μm filter, the radiotracer was ready for injection. Radiochemical yields (decay-corrected) were in the range 30-35% and radiochemical purity was always \>93% at the time of injection.

\[^18^F\]DPA-714 preparation: The synthesis of *N,N*-diethyl-2-(2-(4-(2-fluoroethoxy)phenyl)-5,7-dimethylpyrazolo\[1,5-a\]pyrimidin-3-yl)acetamide (\[^18^F\]DPA-714) was performed using a TRACERlab FX~FN~ synthesis module (GE Healthcare), based on a one-step procedure, as previously described [@B28]. Briefly, once transferred into a dedicated (ventilated and lead-shielded) hot-cell, \[^18^F\]fluoride was first trapped on a pre-conditioned Sep-Pak® Accell Plus QMA Light cartridge (Waters, Milford, MA, USA), then eluted from the cartridge with a solution of Kryptofix K2.2.2/K~2~CO~3~ in a mixture of water and acetonitrile. A solution containing the appropriate precursor for labeling (*N,N*-diethyl-2-(2-(4-(2-toluenesulfonyloxyethoxy)phenyl)-5,7-dimethylpyrazolo\[1,5-a\]pyrimidin-3-yl)acetamide, 4 mg) in dimethylsulfoxide (0.7 mL) was added and the mixture heated at 165°C for 5 minutes. The reactor was then cooled at room temperature, the reaction crude diluted with a mixture of acetonitrile and water (2/1, 3 mL), and purified by HPLC using a Nucleosil 100-7 C18 column (Macherey-Nagel, Düren, Germany) as stationary phase and 0.1M aqueous ammonium formate solution (pH = 3.9)/acetonitrile (30/70) as the mobile phase at a flow rate of 7 mL/min. The desired fraction (10-11 min) was collected, diluted with water (20 mL), and the radiotracer was retained on a C-18 cartridge (Sep-Pak® Light, Waters, Milford, MA, USA) and further eluted with ethanol (1 mL). The ethanol solution was finally reconstituted with saline solution (9 mL). Filtration through a 0.22 μm filter yielded the final solution, ready for injection. Radiochemical yields (non-decay corrected) were in the range 8-13% and radiochemical purity was always \>95% at the time of injection.

Positron emission tomography scans and data acquisition
-------------------------------------------------------

PET scans were repeatedly performed before (day 0) and at 1, 3, 7, 14, 21 and 28 days after reperfusion using a General Electric eXplore Vista CT camera (GE Healthcare). Scans were performed in rats anaesthetized with 4% isofluorane and maintained by 2-2.5% of isofluorane in 100% O~2~. The tail vein was catheterized with a 24-gauge catheter for intravenous administration of the radiotracer. Animals were placed into a rat holder compatible with the PET acquisition system and maintained normothermic using a water-based heating blanket. Animals were subjected to PET scans to assess system xc^-^ (\[^18^F\]FSPG) and TSPO binding (\[^18^F\]DPA-714) at each time point before and after ischemia onset. The appropriate radiotracer (\[^18^F\]FSPG or \[^18^F\]DPA-714, \~70 MBq) was injected concomitantly with the start of the PET acquisition and dynamic brain images were acquired (24 frames: 1x5, 1x15, 3x30, 5x60, 5x120, 3x180, 6x300 seconds) in the 400-700 keV energetic window, with a total acquisition time of 57.5 minutes. For evaluation of SAS and *S*-4-CPG treatment efficacy after ischemia, \~70 MBq of \[^18^F\]DPA-714 were injected concomitantly with the start of the PET acquisition and brain dynamic images were acquired for a total of 30 minutes (23 frames 3x5, 3x15, 4x30, 4x60, 4x120, 5x180 seconds). After each PET scan, CT acquisitions were also performed (140 µA intensity, 40 kV voltage), providing anatomical information of each animal as well as the attenuation map for the later image reconstruction. Dynamic acquisitions were reconstructed (decay and CT-based attenuation corrected) with filtered back projection (FBP) using a Ramp filter with a cutoff frequency of 0.5 mm^-1^.

Positron emission tomography image analysis
-------------------------------------------

PET images were analyzed using PMOD image analysis software (PMOD Technologies Ltd, Zürich, Switzerland). To verify the anatomical location of the signal, PET images were co-registered to the anatomical data of a MRI rat brain template. Two type of Volumes of Interest (VOIs) were established as follows: (i) A first set of VOIs was defined to study the whole brain \[^18^F\]FSPG and \[^18^F\]DPA-714 PET signal over time. Whole brain VOIs were manually drawn in both the entire ipsilateral and contralateral hemispheres containing the territory irrigated by the middle cerebral artery on slices of a MRI (T~2~W) rat brain template from the PMOD software. (ii) A second set of VOIs was automatically generated in the cortex and the striatum by using the regions proposed by the PMOD rat brain template, to study the evolution of PET signal in these specific regions in both the ipsilateral and contralateral cerebral hemispheres. The last four frames in steady state were used to calculate the summed PET binding uptake during the last 15 minutes of acquisition for both radiotracers. PET signal uptake was averaged in each ROI and expressed as percentage of injected dose per cubic centimetre (%ID/cc).

Immunohistochemistry and cell counts
------------------------------------

Immunohistochemistry staining was performed at (i) control (day 0), day 3, day 7 and day 28 after reperfusion and (ii) at day 7 after ischemia in animals treated with SAS and *S*-4-CPG and non-treated rats. Animals were terminally anesthetized and killed by decapitation. The brain was removed, frozen and cut in 5-*μ*m-thick sections in a cryostat. Sections were fixed in acetone (-20°C) during 2minutes, washed with phosphate-buffered saline (PBS) and saturated with a solution of bovine serum albumine (BSA) 5%/Tween 0.5% in PBS during 15 minutes at room temperature, and incubated during 1 hour at room temperature with primary antibodies BSA (5%)/Tween (0.5%) in PBS. The first set of sections were stained for xCT with rabbit anti-rat xCT (1:100, AbCam, Cambridge, UK), for CD11b with mouse anti-rat CD11b (1:300; Serotec, Raleigh, NC, USA) and for the glial fibrillary acidic protein (GFAP) with chicken anti-rat GFAP (1:500; AbCam, Cambridge, UK). The second set of sections was stained for TSPO with a rabbit anti-rat TSPO (NP155, 1:1000), for CD11b and for GFAP. Sections were washed (3 × 10minutes) in PBS and incubated for 1hour at room temperature with secondary antibodies Alexa Fluor 350 goat anti-rabbit IgG, Alexa Fluor 594 goat anti-mouse IgG and Alexa Fluor 488 goat anti-chicken IgG (Molecular Probes, Life Technologies, Madrid, Spain, 1:1,000) in BSA 5%/Tween 0.5% in PBS, washed again (3 × 10minutes) in PBS, and mounted with a prolong antifade kit in slices (Molecular Probes Life Technologies, Madrid). Standardized images acquisition was performed with an Axio Observer Z1 (Zeiss, Le Pecq, France) equipped with a motorized stage. The number of microglial and astrocytic cells immunopositive for xCT and TSPO within the ischemic area was assessed at 0, 3, 7 and 28 days after ischemia (xCT^+^/CD11b^+^ and xCT^+^/GFAP^+^) and at day 7 to evaluate the inflammatory effect of xc^-^ system inhibition (TSPO^+^/CD11b^+^ and TSPO^+^/GFAP^+^). Cells were manually counted in ten representative and different fields at 100x magnification by using Image J (NIH) software.

Neurological assessment
-----------------------

The assessment of neurological outcome induced by cerebral ischemia was based on a previously reported 9-neuroscore test [@B29]. Four consecutive tests were performed on ischemic animals submitted to longitudinal imaging studies at 0, 1, 3, 7, 14, 21 and 28 days, and before (day 0) and at day 7 after ischemia in treated rats as follows: (a) spontaneous activity (moving and exploring = 0, moving without exploring = 1, no moving = 2); (b) left drifting during displacement (none = 0, drifting only when elevated by the tail and pushed or pulled = 1, spontaneous drifting = 2, circling without displacement or spinning = 3), (c) parachute reflex (symmetrical = 0, asymmetrical = 1, contralateral forelimb retracted = 2), and (d) resistance to left forepaw stretching (stretching not allowed = 0, stretching allowed after some attempts = 1, no resistance = 2). Total score could range from 0 (normal) to a 9 (highest handicap) point-scale.

Real-time quantitative PCR (qPCR)
---------------------------------

Frozen tissue was cut into 40 µm slices on a cryostat and a pool of 3-4 different slices of ipsilateral or contralateral hemispheres was used per each condition. Total RNA was isolated from tissue using Trizol (Invitrogen) according to the manufacturer\'s instructions. Subsequently, cDNA synthesis was conducted using SuperScript III retrotranscriptase (200 U/µL; Invitrogen) and random hexamers as primers (Promega). Primers specific for the rat M1 and M2 markers were designed using Primer Express software (Applied Biosystems) at exon junctions to avoid genomic DNA amplification (see Table [1](#T1){ref-type="table"}). Data was normalized to HPRT gene (best M coefficient using GeNorm Software v3.5; Vandesompele et al., 2002). Real-time quantitative PCR reactions were performed with SYBR-Green using a BioRad CFX96 Real-time PCR detection system as described previously [@B30].

Statistical analyses
--------------------

For PET signal values, the statistical analysis was performed as follows: The percentage of injected dose per cubic centimeter (%ID/cc) for each animal, brain hemisphere (ipsilateral and contralateral) and region (cortex and striatum) were calculated at each time point after cerebral ischemia. Values of %ID/cc within each region and time point following cerebral ischemia and after treatment were averaged and compared with the averaged baseline control values (day 0) and non-treated ischemic rats respectively using one-way ANOVA followed by Dunnet\'s multiple-comparison tests for post-hoc analysis. Likewise, cellular expression of both microglial/xCT and astrocytic/xCT receptors before (day 0) and at days 3, 7 and 28 after ischemia and microglial/TSPO and astrocytic/TSPO after treatment were compared using the same statistical analysis than that for PET imaging. Neurological outcome comparisons were performed as follows: animals were subjected to the 9-neuroscore test before MCAO and at 1, 3, 7, 14, 21 and 28 days after cerebral ischemia. The results within each time point and after treatment were averaged and compared with baseline average values using Mann-Whitney U-tests. The effect of treatments in the mRNA levels for M1/M2 microglial phenotypes in sham, treated and non-treated ischemic rats were compared using a one-way ANOVA followed by Bonferroni\'s multiple-comparison tests for post hoc analysis. Finally, the level of arginase mRNA in treated ischemic rats was compared with non-treated ischemic rats using an unpaired*t-*test. The level of significance was regularly set at *P*\<0.05. Statistical analyses were performed with GraphPad Prism version 6 software.

Results
=======

Hyperintensities of T~2~W images showed similar infarct extents as well as locations affected. All ischemic rats subjected to nuclear studies showed cortical and striatal MRI alterations (mean ± s.d. 344.49 ± 59.44 mm^3^, n=12) (Figure [1](#F1){ref-type="fig"}).

\[^18^F\]FSPG PET after cerebral ischemia
-----------------------------------------

The coronal brain images with normalized color scale shown in Figure [1](#F1){ref-type="fig"} illustrate the evolution of the \[^18^F\]FSPG-PET signals in ischemic animals at day 0 (control) and at 3, 7, 14 and 28 days after reperfusion. Quantification of the images provided information related to the time-course activity of system xc^-^ in both the ipsilateral and contralateral cortex, in the striatum and the whole brain at days 0 (control) and 1, 3, 7, 14, 21 and 28 days after MCAO (Figure [2](#F2){ref-type="fig"}, n=6). All brain regions considered evidenced a similar \[^18^F\]FSPG binding evolution after long-term focal cerebral ischemia. In the ipsilateral whole brain (cerebrum), the PET signal for \[^18^F\]FSPG showed a non-significant increase at day 1 followed by a significant uptake increase from days 3 to 7 after ischemia in comparison to control (day 0) values (*P*\<0.001, Figure [2](#F2){ref-type="fig"}A). In fact, the highest binding value was reached at day 3 after MCAO. Subsequently, the PET signal evidenced a progressive decrease from day 14 to day 28 compared to days 3 and 7. In the contralateral whole brain, \[^18^F\]FSPG PET signal at day 1 showed similar values to those at day 0 (control) followed by a non-statistically mild increase from days 3 to 7 compared to control values. This was followed by a progressive decline from days 14 to 28 after cerebral ischemia (Figure [2](#F2){ref-type="fig"}B). The cerebral cortex in the ipsilateral hemisphere evidenced a statistically \[^18^F\]FSPG PET signal progressive increase from day 1 to day 3 and 7 followed by a progressive decrease at days 14 and onwards (*P*\<0.05; *P*\<0.01, with respect to control animals, Figure [2](#F2){ref-type="fig"}C). In contrast, non-statistically significant differences were observed in the contralateral hemisphere despite the weak increase of PET signal observed from day 3 to day 7 following reperfusion (Figure [2](#F2){ref-type="fig"}D). Likewise, the non-ischemic cortex showed higher PET signal values than those observed in the non-infarcted striatum, however, this situation was reverted after cerebral ischemia where striatum displayed higher \[^18^F\]FSPG binding levels at days 3 and 7 after reperfusion than those observed in the cerebral cortex (*P*\<0.001 with respect to control animals, Figure [2](#F2){ref-type="fig"}E).

\[^18^F\]DPA-714 PET after cerebral ischemia
--------------------------------------------

The coronal brain images with normalized color scale shown in Figure [3](#F3){ref-type="fig"}A-E illustrate the evolution of the \[^18^F\]DPA-714 PET signals in the ischemic lesion at 0, 3, 7, 14 and 28 days after reperfusion. Quantification of the images provided information related to the time-course activity of TSPO in both the ipsilateral and contralateral cortex, in the striatum and the whole brain at days 0 (control) and 1, 3, 7, 14, 21 and 28 days after MCAO (Figure [3](#F3){ref-type="fig"}, n=6). Quantification of the images at day 0 (control) and 1, 3, 7, 14, 21 and 28 days after MCAO show low TSPO expression in healthy cerebral tissue, followed by a dramatic up-regulation due to the inflammatory reaction, evidencing the usefulness of this radiotracer to evaluate neuroinflammation by PET imaging [@B31]. All brain regions considered evidenced a similar \[^18^F\]DPA-714 binding profile during the following month to cerebral ischemia. In the ischemic territory, \[^18^F\]DPA-714 uptake displayed a progressive increase during the first week after MCAO, from circa 0.20-0.30 %ID/cc at days 0 and 1, to 0.50 at day 3, peaking to ca. 1 at day 7. Uptake of \[^18^F\]DPA-714 then decreased from 0.70 at day 14 to 0.30 at days 21-28 (*P*\<0.001, with respect to control animals, Figure [3](#F3){ref-type="fig"}F). In the contralateral hemisphere, \[^18^F\]DPA-714 PET uptake showed a significant increase at day 7 after reperfusion in relation to day 0 (*P*\<0.05, Figure [3](#F3){ref-type="fig"}G). The cerebral cortex in the ipsilateral hemisphere evidenced a statistically \[^18^F\]FSPG PET signal progressive increase from day 1 to day 3 and 7 followed by a progressive decrease at days 14 and onwards (*P*\<0.001, with respect to control animals, Figure [3](#F3){ref-type="fig"}H). Likewise, the contralateral cortex showed a significant binding increase at day 7 after reperfusion (*P*\<0.05, Figure [3](#F3){ref-type="fig"}I). The ipsilateral and contralateral striatums evidenced a similar TSPO expression than that observed in the cerebral cortex after cerebral ischemia; (i) a progressive increase from day 3 to day 7 and followed by a progressive decrease from day 14 to 21 (*P*\<0.05; *P*\<0.001, with respect to control animals, Figure [3](#F3){ref-type="fig"}J) in the ischemic striatum and (ii) a significant TSPO over-expression at day 7 after ischemia in the contralateral striatum (*P*\<0.05, with respect to control animals, Figure [3](#F3){ref-type="fig"}K).

Time course of neurologic score after cerebral ischemia
-------------------------------------------------------

Ischemic animals subjected to \[^18^F\]DPA-714 PET studies (n=6) presented a major impairment from days 1 to day 7 after MCAO in relation to control (day 0). The neurologic impairment showed a significant increase with respect to control at days 1, 3, 7, 14, 21 and 28 (*P*\<0.01). After day 3, rats exhibited a trend to progressive functional recovery over time at days 7, 14, 21 and 28 in relation to day 1 after ischemia (*P*\<0.05; *P*\<0.01, Figure [3](#F3){ref-type="fig"}L).

Expression of system xc^-^ in microglia and astrocytes after MCAO
-----------------------------------------------------------------

Immunofluorescence staining exhibited xCT expression in both microglia/macrophages and astrocytes after ischemia (Figure [4](#F4){ref-type="fig"}). At days 3 and 7, cells with the morphology of amoeboid reactive microglia/macrophages showed intense CD11b immunoreactivity in the lesion (in red; Figure [4](#F4){ref-type="fig"}B) followed by a decrease at day 28 (in red; Figure [4](#F4){ref-type="fig"}B). The over-reactivity of microglia co-localized with the cellular expression of xCT (in blue and red; Figure [4](#F4){ref-type="fig"}D) at days 3, 7 and 28 after ischemia. The number of xCT^+^/CD11b^+^ cells displayed a significant increase at days 3 and 7 in relation to day 0 followed by a sharp decrease at day 28 after reperfusion (*P*\<0.001, Figure [4](#F4){ref-type="fig"}E). Likewise, astrocytes displayed an increase of the GFAP immunoreactivity from days 3-7 to 28 (in white; Figure [4](#F4){ref-type="fig"}A) after ischemia, forming a thin astrocytic rim in the vicinity of the lesion. In addition, reactive astrocytes showed co-localization with xCT expression (in blue and white; Figure [4](#F4){ref-type="fig"}D) after cerebral ischemia (3, 7 and 28 days). The number of xCT^+^/GFAP^+^ cells showed a significant progressive increase from days 3-7 to day 28 after MCAO (*P*\<0.01; *P*\<0.001, Figure [3](#F3){ref-type="fig"}F).

Effect of system xc^-^ inhibition on neuroinflammation following cerebral ischemia
----------------------------------------------------------------------------------

The effect of system xc^-^ inhibition with SAS and S-4-CPG on neuroinflammation was explored by PET imaging of TSPO with \[^18^F\]DPA-714 at day 7 following MCAO (Figure [5](#F5){ref-type="fig"}). All the images were quantified in standard units, i.e., %ID/cc. Coronal and axial images with normalized color scale illustrate the \[^18^F\]DPA-714 PET uptake in vehicle (MCAO) (Figure [5](#F5){ref-type="fig"}A and B), SAS (MCAO+SAS) (Figure [5](#F5){ref-type="fig"}C and D) and *S*-4-CPG (MCAO+*S*-4-CPG) (Figure [5](#F5){ref-type="fig"}E and F) ischemic rats. Both SAS and *S*-4-CPG treatments evidenced a significant decrease of \[^18^F\]DPA-714 binding in the ischemic cerebral hemisphere in relation to non-treated ischemic rats (*P*\<0.05, Figure [5](#F5){ref-type="fig"}G). Neurological score at day 1 after ischemia showed similar values reflecting that the groups presented similar neurological impairment before the start of the treatments (Figure [5](#F5){ref-type="fig"}H). At day 7, treated ischemic rats with SAS and *S*-4-CPG displayed a superior neurofunctional improvement in relation to that showed by non-treated ischemic rats (*P*\<0.05; *P*\<0.01, Figure [5](#F5){ref-type="fig"}H).

Expression of TSPO receptors in microglia and astrocytes after treatments in ischemic rats
------------------------------------------------------------------------------------------

Immunofluorescence staining exhibited TSPO expression in both microglia/macrophages and astrocytes after ischemia in vehicle and treated-rats (Figure [6](#F6){ref-type="fig"}). At day 7, cells with the morphology of amoeboid reactive microglia/macrophages showed intense CD11b immunoreactivity (in red; Figure [6](#F6){ref-type="fig"}B) in the lesion that co-localized with TSPO receptor expression (in green and red; Figure [6](#F6){ref-type="fig"}D). The number of TSPO^+^/CD11b^+^ cells displayed a significant decrease in treated ischemic rats with both SAS and *S*-4-CPG at day 7 after ischemia in comparison with control ischemic rats (*P*\<0.05; *P*\<0.01, Figure [6](#F6){ref-type="fig"}E). Likewise, rats treated with *S*-4-CPG showed a non-significant decrease of cerebral TSPO^+^/CD11b^+^ cells in comparison to SAS treated ischemic rats. In contrast, equivalent number of TSPO^+^/GFAP^+^ cells was observed for non-treated and treated ischemic rats at 7 days after ischemia (Figure [6](#F6){ref-type="fig"}F).

Effect of system xc^-^ inhibition on the expression of M1 and M2 microglia/macrophages
--------------------------------------------------------------------------------------

We next investigated the impact of system xc- inhibition on microglia phenotype after stroke. Polarized microglia/macrophages after cerebral ischemia are commonly distinguished by their expression of signature genes for surface markers and cytokines/chemokines [@B32]. Reverse-transcription polymerase chain reaction (RT-PCR) was used to measure the effect of system xc^-^inhibition in the expression of mRNA for M1 (CCL2, TNF and iNOS) and M2 (arginase, mannose receptor and TGFβ) markers in the region of the infarction and the in contralateral brain hemisphere at sham control and at day 7 after MCAO in vehicle-, SAS- and *S*-4-CPG-treated rats (Figure [7](#F7){ref-type="fig"}). M1 gene markers (CCL2, TNF and iNOS) evidenced a significant overexpression following cerebral ischemia in vehicle-treated rats (MCAO) (*P*\<0.01, Figure [7](#F7){ref-type="fig"}A to C). M1 markers expression displayed a significant decrease in ischemic rats after system xc^-^inhibition with SAS and *S*-4-CPG (*P*\<0.05; *P*\<0.01, Figure [7](#F7){ref-type="fig"}A to C) with respect to non-treated rats. In contrast, M2 markers showed more complex patterns of expression after stroke. Firstly, arginase expression displayed no expression changes following cerebral ischemia and was significantly increased in ischemic rats treated with SAS but not-significantly with *S*-4-CPG (Figure [7](#F7){ref-type="fig"}D). In contrast mannose receptor and TGFβ mRNA expression evidenced a significant increase after MCAO that was slightly decreased in rats treated with SAS and *S*-4-CPG (*P*\<0.01, Figure [7](#F7){ref-type="fig"}E and F). Altogether, data showed here demonstrated that system xc- modulates microglial inflammatory reaction.

Discussion
==========

Following brain injury, system xc^-^has not only a detrimental function via glutamate release but also a beneficial neuroprotective and neurothrophic effect through the import of L-cysteine for glutathione production and oxidative protection [@B33]. Indeed, Piani and Fontana showed that microglial cells overexpressed system xc^-^ as a response to the oxidative stress underlying CNS disease [@B7] and the conversion to excitotoxic stress was related to the exacerbation of neurodegeneration [@B14], [@B16]. Therefore, the identification of new up-regulated transporters in reactive glial cells, such as system xc^-^ is of great interest to the *in vivo* imaging research of cerebral ischemia. Because of this, we have assessed in parallel the *in vivo* expression of the system xc^-^ and TSPO in reactive glial cells using PET imaging procedures, in combination with immunohistochemistry, RT-PCR and neurofunctional evaluation after experimental stroke in rats.

PET imaging of system xc^-^ with \[^18^F\]FSPG
----------------------------------------------

Recent preclinical and clinical PET studies performed with \[^18^F\]FSPG have shown a low background uptake in the normal brain [@B34] that improves the visualization of the system xc^-^ function increase following pathological situations [@B4], [@B35]. These findings are consistent with the low \[^18^F\]FSPG binding uptake in the rat brain before the induction of the cerebral ischemia. In the present study, the PET \[^18^F\]FSPG binding uptake in the healthy rat brain was mainly concentrated in the leptomeninges and ventricles (Figure [1](#F1){ref-type="fig"}) which are in agreement with the well-known distribution of system xc^-^ in the rat healthy brain [@B36], [@B37].

*In vivo* and *ex vivo* evidence of system xc^-^ overexpression after cerebral ischemia
---------------------------------------------------------------------------------------

Previous *in vivo* PET imaging of system xc^-^ with \[^18^F\]FSPG evidenced a significant progressive increased uptake at early phase following MCAO in rats. Indeed, these results evidenced the role of system xc^-^on excitotoxic damage after reperfusion [@B4]. In the present study, \[^18^F\]FSPG binding was evaluated from day 1 to day 28 after MCAO in rats, to show its relationship to the neuroinflammatory reaction after cerebral ischemia. In the infarcted brain hemisphere, \[^18^F\]FSPG binding experienced a non-significant increase at day 1 followed by a maximum binding at days 3 to 7 that was followed by a progressive decline to pseudo-control values at days 21 to 28 after reperfusion (Figure [1](#F1){ref-type="fig"} and [2](#F2){ref-type="fig"}). Nevertheless, these results stand in contrast with the *in vivo* PET imaging distribution of TSPO, a well-known marker for neuroinflammation, following cerebral ischemia [@B26], [@B38] (Figure [3](#F3){ref-type="fig"}). In our study, the ischemic brain hemisphere experienced a gradual \[^18^F\]DPA-714 binding increase from days 1 to 3 which peaked at day 7, followed by a slight decline afterwards. These results are in agreement with Martin and collaborators who, after monitoring the *in vivo* post-ischemic TSPO receptor expression with \[^18^F\]DPA-714 PET, observed a progressive binding increase that peaked at day 11 followed by a progressive decline later on [@B26]. Likewise, the peak of the inflammatory reaction observed by PET imaging during the first week after ischemia runs in parallel with the gradual recovery of neurological handicap (Figure [3](#F3){ref-type="fig"}L). Thus, animals experienced a quasi-recovery of functional outcome one month after stroke. Likewise, such capacity to undergo motor and cognitive recovery has been monitored in adult human brain following stroke [@B39].

Altogether, these results evidence an earlier overexpression of system xc^-^ compared to TSPO that could suggest the existence of a different involvement of both receptors on the neuroinflammatory response after stroke. The first step to confirm this hypothesis was the characterization of system xc^-^by *ex vivo* immunohistochemistry at days 3, 7 and 28 after reperfusion (Figure [4](#F4){ref-type="fig"}). These results verified the expression of system xc^-^in both microglia/macrophages and astrocytes following cerebral ischemia. Moreover, immunohistochemistry showed an over-increase of microglial cells expressing system xc^-^(xCT^+^/CD11b^+^) at days 3 and 7 in relation to day 0 followed by a dramatic decrease at day 28 after cerebral ischemia. Likewise, astrocytes expressing system xc^-^ (xCT^+^/GFAP^+^) evidenced a mild progressive increase from day 3 to day 28 after cerebral ischemia (Figure [4](#F4){ref-type="fig"}). Hence, the present results supported the previous PET imaging results obtained with \[^18^F\]FSPG evidencing that the system xc^-^ over-expression at days 3 to 7 was mainly promoted by the system xc^-^ expression increase by microglial cells. Indeed, these findings are in concordance with the role of system xc^-^on microglial reactivity following amyotrophic lateral sclerosis [@B8] and multiple sclerosis [@B24] in rodents. Despite this, little is known concerning the role of system xc^-^on inflammation underlying experimental ischemic stroke.

System xc^-^ inhibition attenuates neuroinflammatory after cerebral ischemia
----------------------------------------------------------------------------

Pharmacological inhibition of system xc^-^ with sulfasalazine depletes the inflammatory response following EAE [@B17] and amyothrophic lateral sclerosis [@B8]. Likewise, since sulfasalazine is an inhibitor of the antiinflammatory NF-~Κ~B factor [@B40], other blockers of system xc^-^ that do not have any effect on NF-~Κ~B such as S-4-CPG have also been tested to reduce the inflammatory reaction after EAE in mice [@B17]. Additionally, the depletion of microglial population using clodronate induced a reduction on system xc^-^ expression following experimental multiple sclerosis in rats [@B24]. Altogether these studies confirmed the role of system xc^-^on the inflammatory reaction underlying neurodegenerative diseases. In our study, we explored the effect of SAS and S-4-CPG on neuroinflammation by using *in vivo* \[^18^F\]DPA-714 PET binding following cerebral ischemia (Figure [5](#F5){ref-type="fig"}). The inhibition of system xc^-^ with both SAS and S-4-CPG induced a significant decrease of the TSPO expression following seven days after reperfusion (Figure [5](#F5){ref-type="fig"}G). Besides, treatment with system xc^-^inhibitors evidenced a major neurological handicap improvement at day 7 after reperfusion in relation to the non-treated rats. These findings support those showed by Evonuk and collaborators who observed a clinical improvement after system xc^-^inhibition in EAE mice [@B17]. Besides, rats treated with SAS and S-4-CPG displayed a significant decrease of microglial population expressing TSPO (Figure [6](#F6){ref-type="fig"}), confirming the results obtained with \[^18^F\]DPA-714 PET and the role of the system xc^-^ on microglial reactivity after cerebral ischemia in rats.

Effect of system xc^-^ inhibition on M1/M2 microglial state
-----------------------------------------------------------

Microglial activation can be influenced by both extracellular glutamate and intracellular glutathione, by acting through microglial expressed glutamate receptors [@B41], [@B42]. Thus, system xc^-^ inhibition might have a direct influence on the microglial function through the control of microglial M1/M2 polarization state following stroke. For this reason, we evaluated the mRNA expression of typical M1 and M2 markers after inhibition of system xc^-^ with both sulfasalazine and S-4-CPG in ischemic rats. The expression of known M1 proinflammatory/neurotoxic markers; CCL2, TNF and iNOS at day 7 after cerebral ischemia showed a significant increase in relation to sham-operated rats (Figure [7](#F7){ref-type="fig"}). These findings stand in agreement with the expression profile experienced by proinflammatory markers after MCAO in mice [@B32]. The inhibition of system xc^-^showed a significant decrease of CCL2, TNF and iNOS (Figure [7](#F7){ref-type="fig"}). On the contrary, the antiinflammatory M2 mRNA markers arginase, mannose receptor and TGFβ showed an asymmetrical temporal expression after cerebral ischemia in mice. While mannose receptor and TGFβ mRNA showed high expression at day 7 after reperfusion, arginase evidenced a peak at day 3 followed by a sharp decline from day 5 to day 7 afterwards [@B32]. Our results support these previous findings since arginase showed similar mRNA values at day 7 after ischemia to those obtained for sham-operated rats, and both mannose receptor and TGFβ mRNA levels displayed a significant increase in ischemic animals in relation to non-ischemic rats (Figure [7](#F7){ref-type="fig"}). Therefore, this may be a possible explanation why only arginase experienced an increase in mRNA expression following treatment with both sulfasalazine and S-4-CPG after cerebral ischemia in rats. Hence, these results suggest that system xc^-^ inhibition in stroke leads to a change in microglial phenotype markers. Interestingly, similar results have also been described in ALS in mice, indicating the regulation of microglial functions by system xc^-^ [@B8].

Summary and conclusions
=======================

We report here \[^18^F\]FSPG PET imaging to assess system xc^-^ activity and its relationship with neuroinflammatory response after cerebral ischemia in rats. Our results confirmed the \[^18^F\]FSPG binding increase in the ipsilateral hemisphere during the first week after cerebral ischemia followed by a progressive decrease later on. In addition, our findings displayed an earlier expression of system xc^-^ compared to TSPO with \[^18^F\]DPA-714 imaging, evidencing its novel role on inflammation after cerebral ischemia. Besides, the overexpression of system xc^-^ was identified in microglial cells by *ex vivo* immunohistochemistry and the inhibition of system xc^-^ was able to promote a decrease of TSPO expression and a shift of pro-inflammatory microglia state towards an anti-inflammatory phenotype after MCAO in rats. These findings provide novel insights on the inflammatory reaction underlying cerebral ischemia that might contribute to the identification of a novel target at improving both diagnosis and therapy evaluation of stroke.
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![Magnetic resonance imaging (MRI) (T2-weighting (T~2~W)) and positron emission tomography (PET) images of \[^18^F\]FSPG at control (day 0), day, 3, day 7, day 14 and day 28 after middle cerebral artery occlusion (MCAO). Serial MRI (T2W) (A) and xc^-^system PET binding (B) images of coronal planes at the level of the lesion. PET images are co-registered with the MRI (T~2~W) of the same animal at different times to localize the PET signal. Images correspond to the lesion evolution of the same animal over time.](thnov06p1753g001){#F1}

![Time course of the progression of the \[^18^F\]FSPG PET signal before and after cerebral ischemia. %ID/cc (mean ±SD) of \[^18^F\]FSPG was quantified in six VOIs. The entire ipsilateral cerebral hemisphere (A), contralateral hemisphere (B), ipsilateral cortex (C), contralateral cortex (D), ipsilateral striatum (E) and contralateral striatum (F) are shown. The upper right panels of each figure show the selected brain ROIs for the quantification defined on a slice of a MRI (T2W) template. Rats (n=6) were repeatedly examined by PET before (day 0) and at 1, 3, 7, 14, 21 and 28 after ischemia. \**p*\<0.05, \*\**p*\<0.01 and \*\*\**p*\<0.001 compared with control.](thnov06p1753g002){#F2}

![Serial images of \[^18^F\]DPA-714 at control (day 0), day 3, day 7, day 14 and day 28 after MCAO. Normalized coronal PET images of \[^18^F\]DPA-714 signal after cerebral ischemia are co-registered with a MRI (T2W) rat template to localize anatomically the PET signal (A-E). Images correspond to the same representative animal for each time point. \[^18^F\]DPA-714 uptake was quantified as %ID/cc (mean ±SD) in the entire ipsilateral hemisphere (F), contralateral hemisphere (G), ipsilateral cortex (H), contralateral cortex (I), ipsilateral striatum (J) and contralateral striatum (K). The upper right panels of each figure show the selected brain ROIs for the quantification defined on a slice of a MRI (T~2~W) template. Rats (n=6) were repeatedly examined by PET before (day 0) and at 1, 3, 7, 14, 21 and 28 after ischemia. The neurologic score shows a neurofunctional improvement over time (L). \**p*\<0.05 and \*\*\**p*\<0.001 compared with control; ^\#^*p*\<0.05 and ^\#\#^*p*\<0.01 compared with day 1.](thnov06p1753g003){#F3}

![Immunofluorescent labeling of GFAP (white), CD11b (red) and xCT (blue) in the ischemic area, shown as three channels. The data show temporal evolution of xCT in microglial and astrocytic cells at day 0 (control) (left column, n=4), day 3 (middle left column, n=4), day 7 (middle right column, n=4) and day 28 (right column, n=4) after ischemia. GFAP-positive astrocytes increase in the ischemic area over time (A). CD11b-reactive microglia/macrophages increase at days 3 to 7 (B) corresponding to the temporal xCT immunoreactivity (C). (D) Merged images of three immunofluorescent antibodies at different time points. The number of CD11b-reactive microglia/macrophages expressing xCT increase at days 3 and 7 after cerebral ischemia (E). The number of GFAP-reactive astrocytes expressing xCT increase in the ischemic area following reperfusion (F). \*\**p*\<0.01 and \*\*\**p*\<0.001 compared with control. Scale bars, 5 μm.](thnov06p1753g004){#F4}

![Normalized coronal (A, C, E) and axial (B, D, F) PET images of \[^18^F\]DPA-714 at day 7 after middle cerebral artery occlusion (MCAO) in vehicle (A, B), SAS (C, D) and S-4-CPG-treated (E, F) rats at day 7 after cerebral ischemia. PET images are co-registered with a MRI (T~2~W) rat template to localize anatomically the PET signal. \[^18^F\]DPA-714 uptake was quantified as %ID/cc (mean ± SD) in the entire ipsilateral cerebral hemisphere. Vehicle (n=5), SAS (n=7) and S-4-CPG-treated rats (n=8) were examined by PET 7 days after ischemia (G). The neurologic score show similar neurologic outcome at day 1 after ischemia (before the start of treatments) followed by a higher neurological outcome improvement at day 7 after SAS and S-4-CPG treatments than vehicle treated rats (H). \**p*\<0.05 compared with vehicle; ^\#^*p*\<0.05 and ^\#\#^*p*\<0.01 compared with day 1.](thnov06p1753g005){#F5}

![Immunofluorescent labeling of GFAP (white), CD11b (red) and TSPO (green) in the ischemic area, shown as three channels. The data show temporal evolution of TSPO in microglial and astrocytic cells at day 7 after MCAO in vehicle (left column, n=5), SAS (middle column, n=7) and S-4-CPG-treated rats (right column, n=8). GFAP-positive astrocytes do not change after treatments (A). CD11b-reactive microglia/macrophages (B) and TSPO receptor (C) decrease after MCAO in SAS and S-4-CPG-treated rats. (D) Merged images of three immunofluorescent antibodies. The number of CD11b-reactive microglia/macrophages expressing TSPO decrease at day 7 after daily treatment with SAS and S-4-CPG (E). The number of GFAP-reactive astrocytes expressing TSPO shows similar values following treatment (F). \**p*\<0.05 and \*\**p*\<0.01 compared with vehicle. Scale bars, 5 μm.](thnov06p1753g006){#F6}

![Cystine/glutamate antiporter inhibition induces changes in mRNA expression of M1 and M2 microglia polarization markers. Reverse-transcription polymerase chain reaction (RT-PCR) was performed using RNA extracted from the region of the infarction at sham (control) (n=5) and at day 7 after MCAO in vehicle (n=5), SAS (n=7) and S-4-CPG-treated rats (n=8). Expression of mRNA for M1 markers CCL2 (A), TNF (B) and iNOS (C) and for M2 markers Arginase (D), Mannose receptor (E) and TGFβ (F) were performed after ischemia. \**p*\<0.05 and \*\**p*\<0.01 compared with vehicle.](thnov06p1753g007){#F7}

###### 

Primers used to analyze M1 and M2 gene expression.

  Gen                Forward primer sequence   Reverse primer Sequence
  ------------------ ------------------------- ---------------------------
  CCL2               GTGCTGTCTCAGCCAGATGCA     GCTGCTGGTGATTCTCTTGTAGTTC
  TNF α              GGTCCCAACAAGGAGGAGAAG     GTCTGGGCCATGGAACTGA
  iNOS               ATGGCTCCTTCAAAGAGGCA      CTATTTCCTTTGTTACGGCTTCCA
  Arginase           GTGAAGAACCCACGGTCTGTG     GAGATGCTTCCAATTGCCATACTG
  Mannose receptor   TGGTACGCAGACTGCACCTC      CTCTTGCTGCCCTCAAACTG
  TGF β              CTGAGTGGCTGTCTTTTGACGTC   AAGCCCTGTATTCCGTCTCCTTG
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